Abstract Fluorescence properties of four new potential antitumoral compounds, 3-arylbenzothieno[2,3-c]pyran-1-ones, were studied in solution and in lipid membranes of dipalmitoyl phosphatidylcholine (DPPC), egg yolk phosphatidylcholine (Egg-PC) and dioctadecyldimethylammonium bromide (DODAB). The 3-(4-methoxyphenyl)benzothieno [2,3-c]pyran-1-one (1c) exhibits the higher fluorescence quantum yields in all solvents studied. All compounds present a solvent sensitive emission, with significant red shifts in polar solvents for the methoxylated compounds. The results point to an ICT character of the excited state, more pronounced for compound 1c. Fluorescence (steady-state) anisotropy measurements of the compounds incorporated in liposomes of DPPC, DODAB and Egg-PC indicate that all compounds have two different locations, one due to a deep penetration in the lipid membrane and another corresponding to a more hydrated environment. In general, the methoxylated compounds prefer hydrated environments inside the liposomes. The 3-(4-fluorophenyl)benzothieno[2,3-c]pyran-1-one (1a) clearly prefers a hydrated environment, with some molecules located at the outer part of the liposome interface. On the contrary, the preferential location of 3-(2-fluorophenyl)benzothieno [2,3-c] pyran-1-one (1b) is in the region of lipid hydrophobic tails. Compounds with a planar geometry (1a and 1c) have higher mobility in the lipid membranes when phase transition occurs.
Introduction
Our research group has been interested in the synthesis and in the photophysical behavior, in solution and in lipid membranes, of novel heteroaromatic biological active compounds [1] [2] [3] .
Recently, some of us have described the synthesis of new 3-(aryl)benzothieno [2,3-c] pyran-1-ones from 3-bromobenzo [b]thiophene-2-carboxylic acid and different arylphenylacetylenes [4] (compounds 1a-c, Fig. 1 ). Compound 1d, with a methoxy group in the ortho position relative to the pyranone ring ( Fig. 1 ) was synthesized in this work (Scheme 1) for comparison, and the synthesis is described below.
Compounds 1a-c were evaluated for their capacity to inhibit the in vitro growth of three human tumor cell lines, MCF-7 (breast adenocarcinoma), NCI-H460 (non-small cell lung cancer) and SF-268 (CNS cancer). Compound 1b was shown to be the most potent against the three cell lines tested, presenting low GI 50 (the lowest concentration causing 50% of the cell growth inhibition after a continuous exposure of 48 h) values (12-19 μM) [4] .
These results suggested us to perform fluorescence studies of compounds 1a-d incorporated in liposomes. The photophysical properties in solution and in lipid vesicles of DPPC (dipalmitoyl phosphatidylcholine), Egg-PC (egg yolk phosphatidylcholine) and of the cationic lipid DODAB (dioctadecyldimethylammonium bromide) were studied. The phospholipids DPPC and phosphatidylcholine (from egg yolk) are neutral components of biological membranes, while cationic liposomes based in DODAB have been used as vehicles for DNA transfection and drug delivery [5] [6] [7] . Fluorescence (steady-state) anisotropy measurements were also performed to obtain further information about the location of these compounds in lipid membranes.
Experimental

Synthesis
General The melting point (°C) was determined on a SMP3 Stuart apparatus. 1 H and 13 C NMR spectra were recorded on a Bruker Avance II + at 400 and 100.6 MHz, respectively. Chemical shifts (δ) are given in ppm. MS (EI) spectrum and HRMS on the M + were recorded by the mass spectrometry service of the University of Vigo, Spain. Petroleum ether refers to the boiling range 40-60°C.
3-(2-methoxyphenyl)benzothieno [2,3-c] pyran-1-one (1d) 3-Bromo-benzo[b]thiophene-2-carboxylic acid (100 mg, 0.390 mmol), 2-methoxyphenylacetylene (1.2 equiv.) PdCl 2 (PPh 3 ) 2 (5 mol%), CuI (3 mol%), and NEt 3 (3 equiv.) were added under argon to dry DMF (2 mL) in a dry Schlenk tube and the mixture was heated for 2 h at 100°C. After cooling, water (5 mL) and ethyl acetate (5 mL) were added and the phases were separated. The aqueous phase was then extracted with more ethyl acetate (3×5 mL) and the organic phases were collected, dried (MgSO 4 ) and filtered. The solvent removal gave a solid which was crystallized from CH 2 
Spectroscopic studies
Materials and methods
All the solutions were prepared using spectroscopic grade solvents and ultrapure water (Milli-Q grade). 1,2-Dipalmitoylsn-glycero-3-phosphocholine (DPPC) and 1,2-Diacyl-snglycero-3-phosphocholine from egg yolk (Egg-PC), from Sigma-Aldrich, and dioctadecyldimethylammonium bromide (DODAB), from Tokyo Kasei, were used as received (lipid structures are shown below).
DODAB
For Egg-PC vesicles preparation, defined volumes of a stock solution of lipid (34.5 mM) and compound (0.2 mM) in ethanol were injected together, under vigorous stirring, to an aqueous buffer solution (10 mM Tris, pH=7.4), at room temperature. A similar procedure was adopted for DPPC and DODAB liposomes, but the injection of the required amounts of stock solutions of lipid (50 mM for DPPC and 20 mM for DODAB) and compound in ethanol was done at 60°C, well above the melting transition temperature of both lipids, ca. 41°C for DPPC [8] and 45°C for DODAB [9] . In all cases, the final lipid concentration was 1 mM, with compounds 1a-d/lipid molar ratio of 1:500.
Spectroscopic measurements
Absorption spectra were recorded in a Shimadzu UV-3101PC UV-Vis-NIR spectrophotometer. Fluorescence measurements were performed using a Spex Fluorolog 3 spectrofluorimeter, equipped with double monochromators in both excitation and emission, Glan-Thompson polarizers and a temperature-controllable cuvette holder. Fluorescence spectra were corrected for the instrumental response of the system.
For fluorescence quantum yield determination, the solutions were previously bubbled for 20 min with ultrapure nitrogen. The fluorescence quantum yields (Φ s ) were determined using the standard method (Eq. 1) [10, 11] . Anthracene in ethanol (Φ r =0.27 at 25°C [12] ) and quinine sulfate in 0.05 M H 2 SO 4 (Φ r =0.546 at 25°C [13, 14] ) were used as references.
where A is the absorbance at the excitation wavelength, F the integrated emission area and n the refraction index of the solvents used. Subscripts refer to the reference (r) or sample (s) compound. The steady-state fluorescence anisotropy, r, is calculated by
where I VV and I VH are the intensities of the emission spectra obtained with vertical and horizontal polarization, respectively (for vertically polarized excitation light), and G ¼ I HV =I HH is the instrument correction factor, where I HV and I HH are the emission intensities obtained with vertical and horizontal polarization (for horizontally polarized excitation light).
Data analysis
Solvatochromic shifts were described by the LippertMataga Eq. (3), which relates the energy difference between absorption and emission maxima to the orientation polarizability, [15, 16] 
where n abs is the wavenumber of maximum absorption, n fl is the wavenumber of maximum emission, Δμ = μ e -μ g is the difference in the dipole moment of solute molecule between excited (μ e ) and ground (μ g ) states, R is the cavity radius (considering the fluorophore a point dipole at the center of a spherical cavity immersed in the homogeneous solvent), and Δf is the orientation polarizability given by (Eq. 4):
where ε is the static dielectric constant and n the refractive index of the solvent. Fluorescence anisotropy components (I VV and G•I VH ) were globally fitted to two sums of lognormal components (Eqs. 5 and 6) [17] , each sum characterized by a fitted anisotropy value, where A (or A′) is the maximum intensity at wavelength l max and the parameters a, b and c are given by [17] c ¼ ln
where H is the half-width of the band and ρ is the skewness. The lognormal function sums account for the vibrational structure of compound spectrum. The components (1 and 2) have two different fitted anisotropy values, r 1 and r 2 , given by
due to the additivity law of anisotropy [18] ,
Therefore,
Results and discussion
Synthesis of compound 1d
As referred above, compound 1d was prepared in this work for comparison with compounds 1a-c which were already prepared by some of us in a previous work [4] , using the same method (Scheme 1). Compound 1d was prepared in an excellent yield by a tandem one-pot Pd/Cu catalyzed Sonogashira reaction of the 3-bromobenzo[b]thiophene-2-carboxylic acid with the 2-methoxyphenylacetylene followed by an intramolecular cyclization on the intermediate involving the carboxyl group and the triple bond [4] .
Photophysical properties of compounds 1a-d in homogeneous solution
The absorption and fluorescence properties of compounds 1a, 1b, 1c and 1d were studied in several solvents. The maximum absorption (l abs ) and emission wavelengths (l em ), molar extinction coefficients (ε) and fluorescence quantum yields (Φ F ) of the four compounds are presented in Table 1 . The normalized fluorescence spectra of compounds 1a-d are shown in Fig. 2 . Examples of absorption spectra are displayed as insets.
The effect of solvent in the absorption spectrum of these compounds is generally small (insets of Fig. 2 and Table 1 ). Despite this, a red shift of the lowest energy absorption maximum can be observed with increasing solvent polarity, thus indicating that a π→π* transition is involved. The molar extinction coefficients at absorption maxima are high (ε > 10 4 M −1 cm −1 ), confirming this assumption.
In fluorescence spectra, significantly higher red shifts for all compounds can be observed from cyclohexane to more polar solvents, indicating that solvent relaxation after photoexcitation plays an important role. In polar solvents, a loss of vibrational structure is also detected (Fig. 2) , more significant for compound 1c, that presents completely nonstructured emission bands in the more polar environments. This behavior is usually related to an intramolecular charge transfer (ICT) mechanism and/or to specific solvent effects [15] .
The red shifts in emission are larger for the compounds with the electron-donating (EDG) OCH 3 group, especially for compound 1c (26 nm from cyclohexane to DMSO). Compounds 1a and 1b exhibit smaller red shifts, which may be due to the dual character of the F atom, which is an EDG by mesomeric effect (+M) and an electron-withdrawing group (EWG) by inductive effect (-I). A similar behavior was already observed in tetracyclic lactams previously obtained by us, bearing this type of substituents [19] .
The Lippert-Mataga plots (Eq. 3) for compounds 1a-d (Fig. 3 ) display a high linearity for all compounds in the solvents studied. Therefore, specific solute-solvent interactions like hydrogen bonding are not detectable by deviations of linearity in the Lippert-Mataga plots.
From ab initio molecular quantum chemistry calculations, the cavity radius (R) and the ground state dipole moment (μ g ) were determined for the four compounds (Table 2) , through an optimized structure provided by GAMESS software [21] , using a RHF/3-21G(d) basis set [22] (Fig. 4) . The optimized geometries show that molecules 1a and 1c are roughly planar, while in compounds 1b and 1d the fluorophenyl and the methoxyphenyl groups are out of the plane of the benzothienopyran-1-one moiety. The excited state dipole moments, μ e , estimated from the Lippert-Mataga plots (Table 2) , point to the presence of an intramolecular confirming the ICT character of the excited state. The effect is significantly lower for compound 1d. Comparing compounds 1a and 1b, the F atom presents higher electronic density in compound 1a, which decreases slightly upon HOMO-LUMO transition. It can also be observed that the carbon atom bound to fluorine decreases its electronic density upon HOMO-LUMO transition in compound 1a, the opposite occurring in compound 1b.
All compounds 1a-d present low fluorescence quantum yields in all solvents (Φ F ≤ 6.8%, Table 1 ). Fluorescence quantum yields are very low (Φ F < 2%) for compounds with a F substituent (1a and 1b). For compounds with a
Compound
Cavity radius, R methoxy substituent (1c and 1d), Φ F values are generally higher, especially in polar solvents. The low values of fluorescence quantum yield observed for these compounds are due to the presence of the S atom in the thiophene ring, which may promote the intersystem crossing process by enhancement of spin-orbit coupling interaction [15, 24] , as observed for other molecules which include a thiophene ring [1, 19] . The expected formation of hydrogen bonds of compounds 1a-d with protic solvents was not inferred from deviations of the Lippert-Mataga plots (Fig. 3) and, if they occur, do not influence the Φ F values in alcohols ( Table 1) .
Interaction of compounds 1a-d with lipid membranes
Due to their promising antitumoral activity [4] , photophysical studies of compounds 1a-d incorporated in lipid vesicles were also performed. These experiments are important to evaluate their location in liposomes pointing to drug delivery applications. Different types of lipid molecules, Egg-PC, DPPC and DODAB, were used for the vesicles preparation. Egg-PC is a natural phospholipid mixture, where all molecules have the same polar head group (phosphatidylcholine) but several hydrocarbon chains, differing in length and degree of unsaturation. Egg-PC main components are 16:0 PC, 18:0 PC and 18:1 PC [25] . Considering DPPC (16:0 PC) and DODAB, it is known that at room temperature, both lipids are in the ordered gel phase, where the hydrocarbon chains are fully extended and closely packed. Above the melting transition temperature, 41°C for DPPC [8] and 45°C for DODAB [9] , these lipids attains the disordered liquid-crystalline phase.
The emission spectra of compounds 1a-d in lipid membranes are displayed in Fig. 6. Compound 1a (Fig. 6A ) exhibits a composed spectrum in lipids at the gel phase (DODAB and DPPC at 25°C), showing the existence of two emission bands (with maxima near 420 nm and 438 nm, Table 3 ), pointing to the existence of two different locations of 1a molecules in these rigid lipid membranes. At the liquidcrystalline phase (both DPPC and DODAB at 55°C and Egg-PC at 25°C), only one emission band is observed, with very slight differences between the three lipids. The maximum emission wavelengths in this fluid phase (Table 3) are similar to the lower energy maximum of the compound in lipids at the gel phase. A distinct behavior is observed for compound 1b, where the position and shape of the emission bands are similar in all lipids either at 25°C or at 55°C. A decrease of the shoulder at the higher energy region is (Fig. 6B) . The maximum emission wavelengths indicate an environment of moderate polarity, similar to dioxane and acetonitrile (Tables 1 and 3) . In homogeneous solution, the effect of the temperature increase in the fluorescence of these compounds is a ca. 40% reduction and a very small blue shift (1-2 nm) between 25°C and 55°C.
For compounds 1c and 1d (Fig. 6C and D, respectively) a structured emission is observed in Egg-PC, especially for compound 1d. In DPPC and DODAB, the emission bands of both compounds are basically non-structured and, in some cases, seem clearly to be composed of two emissions. For compound 1c, a significant spectral shift is observed between the different lipid membranes. The maximum emission wavelength in Egg-PC is similar to that in dichloromethane, while for DODAB a more hydrated environment is predicted. For compound 1d, the emission maxima in all lipids are similar to the observed in ethylene glycol, pointing also to a hydrated location of this compound in lipid vesicles. In order to obtain further information about the behavior of these molecules in lipid membranes, fluorescence (steady-state) anisotropy measurements were performed. The average fluorescence steady-state anisotropies (r) and fluorescence quantum yields of the four compounds in lipid vesicles are shown in Table 3 . Fluorescence anisotropy values in ethylene glycol at room temperature were also determined for comparison, being similar for all molecules. For each compound, an example of fluorescence anisotropy spectrum is displayed as inset in Fig. 6 . Notable variations with emission wavelength are observed for compound 1a (inset of Fig. 6A ), while the variations are smaller for compounds 1c, 1d and 1b (inset of Fig. 6B-D) . In ethylene glycol, the steady-state fluorescence anisotropy is constant with wavelength for all compounds. The behavior observed in lipid membranes points to the existence of two emitting species, corresponding to compound locations in different environments.
Figures 7 and 8 display an example of the fit of anisotropy components, I VV and G•I VH (Eqs. 5 and 6), and the fitting to the anisotropy curve, as well as the respective spectral contributions recovered from the fitting. The results are given in Table 4 .
For all compounds, two components were recovered, one with higher anisotropy (r 1 ) and lower maximum emission wavelength (l 1 ), corresponding to compound molecules located deeper in the lipid membrane, and another corresponding to a more hydrated environment (higher emission wavelength, l 2 , and lower anisotropy, r 2 ). The fraction of the first component, f 1 (corresponding to the fraction of spectral area), is also presented. In general, the microviscosity decreases from the interface to the interior of the membrane [26, 27] , with a more pronounced variation when the membrane is in the liquid-crystalline phase [27] . Thus, the recovered anisotropy values for the two compound locations are in opposite direction to that given by the spectral band positions. This can be explained by the observed increase in the fluorescence quantum yield with solvent polarity (Table 1 ). The absorption spectra exhibit a very low dependence on solvent polarity (insets of Fig. 2 ). From the Strickler-Berg relation [18, 28] , it can be concluded that the radiative lifetime, τ r , is mainly invariant with polarity. Therefore, a higher Φ F value results from an increase of the excited-state lifetime. This, in turn, contributes to a decrease in fluorescence anisotropy, as the excited Fig. 7 Fit of compound 1a in DODAB gel phase (25°C compound has more time to rotate leading to a depolarization of its fluorescence. Compound 1a locates mainly in a very hydrated environment (l 2 values higher than l max observed in methanol), while compound 1b preferential location is deeper inside the lipid membrane, as the component with lower maximum emission wavelength (406-414 nm) is dominant (f 1 >0.50). For compounds 1a and 1b, similar environments (as inferred from the maximum emission wavelengths) show very distinct anisotropy values for component 2 (Table 4) , r 2 value being especially low for compound 1a. The different geometry (vd. Fig. 4 ) of both compounds cannot explain this distinct behavior, as compounds 1c and 1d which have also different geometries do not show similar variations in anisotropy values. This peculiar behavior of compound 1a indicates that some of its molecules locate at the outer part of the liposome interface, with a fluidity approaching that of water.
Upon transition from the gel (25°C) to the liquidcrystalline (55°C) phase (for DPPC and DODAB), compound 1a relocates to a more hydrated environment, as the f 1 value strongly decreases. The opposite seems to happen for compound 1c, where f 1 clearly increases at 55°C. Therefore, compounds with a planar geometry (1a and 1c) have higher mobility in the lipid vesicles when phase transition occurs.
Liposomes have been widely used to deliver anticancer agents, in order to reduce the toxic effects of the drugs or to increase the drug circulation time and effectiveness [29] . The studies described here are important for the incorporation of the new potential antitumoral benzothienopyran-1-ones in liposomes for future controlled drug delivery applications.
Conclusions
The four new potential antitumoral compounds, 3-arylbenzothieno[2,3-c]pyran-1-ones, show a solvent sensitive emission, with significant red shifts in polar solvents for the methoxylated compounds. Compound 1c exhibits the higher fluorescence quantum yields in all solvents studied. The estimated excited state dipole moments point to an ICT character of the excited state, more pronounced for compound 1c, confirmed by molecular quantum chemistry calculations.
Photophysical studies of the compounds incorporated in liposomes of DPPC, DODAB and Egg-PC indicate that all the compounds exhibit two different locations, one due to a deep penetration in the lipid membrane and other corresponding to a more hydrated environment. Compounds with a planar geometry (1a and 1c) have higher mobility in the lipid vesicles when phase transition occurs.
Considering the already tested anti-proliferative activity of human tumor cell lines exhibited by these molecules, the 
